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Abstract
We derive the width of the Higgs boson into vector bosons. General formulas
are derived both for the on–shell decay H → V V as well for the off–shell decays,
H → V ∗V and H → V ∗V ∗, where V = γ,W±, Z0. For the off-shell decays the
width of the decaying vector boson is properly included. The formulas are valid both
for the Standard Model as well as for arbitrary extensions. As an example we study
in detail the gauge-invariant effective Lagrangian models where we can have sizable
enhancements over the Standard Model that could be observed at LEP.
1 Introduction
In recent years it has been established [1] with great precision (in some cases better than
0.1%) that the interactions of the gauge bosons with the fermions are described by the
Standard Model (SM) [2]. However other sectors of the SM have been tested to a much
lesser degree. In fact only now we are beginning to probe the self–interactions of the gauge
bosons through their pair production at the Tevatron [3] and LEP [4] and the Higgs sector,
responsible for the symmetry breaking has not yet been tested.
A more complicated symmetry breaking sector can introduce modifications in the couplings
of the Higgs boson with the vector bosons. It is therefore important to have expressions
for the decay widths of the Higgs boson into vector bosons that are valid for an arbitrary
extension of the SM. For the region of the Higgs boson mass relevant for searches at LEP II
and LHC it is necessary that the vector bosons in the decays can be off–shell.
In this paper we derive the complete set of formulas for the decay widths of the Higgs boson
in vector bosons. The formulas are valid both for the Standard Model (SM) and for any
arbitrary extension. For the case of the decay into the W± and Z0 the formulas are also
valid for off–shell decays. This is important for Higgs boson masses close to the threshold of
the production of one or two real vector bosons. Many of these results have appeared before
in the literature [5, 6, 7, 8, 9, 10], sometimes for particular cases, but we think that it will
be very useful for the Higgs boson search at LEP and at LHC to have the general results in
a consistent notation.
The paper is organized as follows. In Section 2 the decays H → V V where V = W±, Z0 are
calculated. The decays H → γγ and H → γZ0, that in the SM proceed at one–loop level,
are reviewed in Sections 3 and 4, respectively. In Section 5 the off-shell 3–point functions
Z∗ → Hγ and γ∗ → Hγ are given in a consistent notation both for the SM as well as for
any of its extensions. In Section 6 we give an example of physics Beyond de Standard Model
(BSM) and in Section 7 a brief discussion of our results and a comparison with previous ones
is presented.
2 The Decays H → V V
2.1 The HV V Couplings
We consider the most general couplings of the Higgs H with the W± and Z0. These are
1
i gMV
(
gµν + T
V
µν
)
(1)H
Vµ
Vν
P
k1
k2
where V =W,Z and TWµν and T
Z
µν are the extra contributions from new physics Beyond the
Standard Model (BSM). In general they will depend on the momenta P , k1 and k2, but as
we will see, we will not need their exact expressions to get the final formulas.
2.2 The On–Shell Decay H → V V
We now consider the on–shell decay H → V V . To be precise we derive the expression for
H → W+W− and then present a final result valid also for H → Z0Z0. We consider the
kinematics given in Fig. 1.
H
Wµ
+
Wν
−
P
k1
k2
Fig. 1
The differential width is given by [11]
dΓ =
1
32π2
∑
pol
|M|2 |
~k1|
M2H
dΩ~k1 (2)
where
M = i gMW ǫµ(k1)ǫν(k2)
(
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W
µν
)
(3)
We get therefore
∑
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|M|2 = (gMW )2
(
−gµα + k
µ
1k
α
1
M2W
)(
−gνβ + k
ν
2k
β
2
M2W
)(
gµν + T
W
µν
) (
gαβ + T
W
αβ
)
=
[
2 +
(k1 · k2)2
M4W
+ 2TWαα − 2
kα1 k
β
1
M2W
TWαβ − 2
kα2 k
β
2
M2W
TWαβ + 2
k1 · k2kα1 kβ2
M4W
TWαβ
+TWµν T
Wµν − k1µk
α
1
M2W
T µνTWαν −
k2νk
β
2
M2W
T ανTWαβ +
kµ1k
ν
2
M2W
TWµν
kα1 k
β
2
M2W
TWαβ
]
(4)
2
Now, using
k1 · k2 = 1
2
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=
1
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2
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2
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H) + 4M
4
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1− x
z
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− 4xy
z2
(6)
and defining
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we can write∑
pol
|M|2 = (gMW )2 M
4
H
4M4W
[
λ(M2W ,M
2
W ;M
2
H) + 12
M4W
M4H
+X(k1, k2,MH , T
W )
]
(8)
It is easy to see that the 4–momenta k1 and k2 will only appear in the square bracket of
Eq. (8) as the scalar products like k1 · k2, P · k1 and P · k2. These can all be written in terms
of the masses and therefore there is no angular dependence in dΓ. Noticing also that
|~k1| = 1
2
MH
√
λ(M2W ,M
2
W ;M
2
H) (9)
we can finally write
Γ =
g2M3H
64πM2W
√
λ(M2W ,M
2
W ;M
2
H)
[
λ(M2W ,M
2
W ;M
2
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M4W
M4H
+X(k1, k2,MH , T
W )
]
(10)
which can be written in terms of GF as
Γ =
GFM
3
H
8π
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2
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λ(M2W ,M
2
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2
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λ(M2W ,M
2
W ;M
2
H)+12
M4W
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+X(k1, k2,MH , T
W )
]
(11)
Now for the decay H → Z0Z0 everything is similar except that we have to divide by a factor
of 2 because we have two identical particles in the final state. Introducing δV = 2(1) for
V = W (Z), respectively, we can write both decays in a single formula
Γ = δV
GFM
3
H
16π
√
2
√
λ(M2V ,M
2
V ;M
2
H)
[
λ(M2V ,M
2
V ;M
2
H)+12
M4V
M4H
+X(k1, k2,MH , T
V )
]
(12)
where λ and X are given in Eq. (6) and Eq. (7). The SM part of Eq. (12) agrees with Eq.
(5) of ref. [10]. The term proportional to X represents the extra contributions from physics
beyond the SM and is in agreement with the results of ref. [8] as we will explain in Section 6.
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2.3 The Off–Shell Decay H → V V ∗
We now consider the off–shell decay H → V V ∗. To be precise we derive the expression for
H → W+W−∗ → W+fif ′i and then present a final result valid for all cases. We consider
the kinematics given in Fig. 2.
H
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fi
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__
Fig. 2
where (fi, f ′i) represents one of the decay channels of the W
−, for instance, (e−, νe). Using
the conventions of ref. [11], we can write the differential width as
dΓ =
(2π)4
2MH
∑
pol
|M|2dΦ3 (13)
where dΦ3 is the phase space for 3 particles that we write as [11]
dΦ3(P ; k, q1, q2) = dΦ2(P ; k,∆i) dΦ2(∆i; q1, q2)(2π)
3d∆2i (14)
with
∆i = q1 + q2 ; ∆
2
i = (q1 + q2)
2 (15)
But the 2–body phase space in the rest frame of the decaying W can be written as
dΦ2(∆i; q1, q2) = (2π)
−6 |~q∗1|
4
√
∆2i
dΩ∗1 =
(2π)−6
8
dΩ∗1 (16)
where the last equality holds for massless decaying products of the W that we will assume
and Ω∗1 is the solid angle of the particle with momentum q1 in the rest frame of the decaying
W . Also the 2–body phase space of the decaying H can be written as
dΦ2(P ; k,∆i) =
(2π)−6
8
√
λ(M2W ,∆
2
i ;M
2
H) dΩ~k (17)
Putting everything together we get
dΓ =
(2π)−5
128MH
√
λ(M2W ,∆
2
i ;M
2
H)
∑
pol
|M|2 dΩ~k d∆2i dΩ∗1 (18)
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Neglecting the fermion masses the matrix element M is
M = (gMW )ǫα(k)
(
gµα + T
W
µα
) 1
D(∆2i )
g
2
√
2
u(q1)γ
µ (1− γ5) v(q2) (19)
where
D(∆2i ) = ∆
2
i −M2W + iMWΓW (20)
We obtain for the matrix element squared
∑
pol
|M|2 = (gMW )2 1|D(∆2i )|2
(
−gαβ + k
αkβ
M2W
)(
gµα + T
W
µα
) (
gνβ + T
W
νβ
)
g2
8
Tr
[
q/1γ
µ(1− γ5)q/2γν(1− γ5)
]
= (gMW )
2 1
|D(∆2i )|2
(
−gαβ + k
αkβ
M2W
)(
gµα + T
W
µα
) (
gνβ + T
W
νβ
)
48πΓi
MW
[
qµ1 q
ν
2 + q
µ
2 q
ν
1 − gµνq1 · q2
]
(21)
where Γi = g
2/(48π)MW is the decay width W → fif ′i. Looking at Eq. (18) and Eq. (21)
we realize that the only dependence on the solid angle Ω∗1 is inside the square bracket in
Eq. (21). Then the integrals we have to evaluate are of the form
Iαβ =
∫
dΩ∗1q
α
1 q
β
2 (22)
These can be easily done if we realize that in the rest frame of the decaying W the only
4–vector available is ∆i. We should have then
Iαβ = A∆αi ∆
β
i +B∆
2
i g
αβ (23)
Multiplying the last equation respectively with gαβ and with ∆iα∆iβ and noticing that
∆i · q1 = ∆i · q2 = 1/2∆2i we get a system of equations for A and B

A+ 4B = 2π
A+B = π
(24)
which gives A = 2π/3 and B = π/3. We get then
∫
dΩ∗1q
α
1 q
β
2 =
π
3
(
2∆αi ∆
β
i +∆
2
i g
αβ
)
(25)
and ∫
dΩ∗1 [q
µ
1 q
ν
2 + q
µ
2 q
ν
1 − gµνq1 · q2] =
4π
3
(
∆µi∆
ν
i −∆2i gµν
)
(26)
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Doing the integration in Ω∗i we get
∫
dΩ∗1
∑
pol
|M|2 = (gMW )2 1|D(∆2i )|2
(
−gαβ + k
αkβ
M2W
)(
gµα + T
W
µα
) (
gνβ + T
W
νβ
)
48πΓi
MW
4π
3
(
∆µi∆
ν
i −∆2i gµν
)
(27)
If we compare Eq. (8) with Eq. (27) we can write this last equation in the form
∫
dΩ∗1
∑
pol
|M|2 = (gMW )2 1|D(∆2i )|2
M4H
4M2W
48πΓi
MW
4π
3[
λ(M2W ,∆
2
i ;M
2
H) + 12
M2W∆
2
i
M4H
+X(k,∆i,MH , T
W )
]
(28)
We get therefore
dΓ
d∆2i dΩ~k
=
(2π)−5
128MH
√
λ(M2W ,∆
2
i ;M
2
H) (gMW )
2 1
|D(∆2i )|2
M4H
4M2W
48πΓi
MW
4π
3[
λ(M2W ,∆
2
i ;M
2
H) + 12
M2W∆
2
i
M4H
+X(k,∆i,MH , T
W )
]
(29)
Next we realize that in Eq. (29) there is no dependence on the solid angle of the real W . We
can therefore trivially perform that integration. We get
dΓ
d∆2i
=
(2π)−5
128MH
(4π)
√
λ(M2W ,∆
2
i ;M
2
H) (gMW )
2 1
|D(∆2i )|2
M4H
4M2W
48πΓi
MW
4π
3[
λ(M2W ,∆
2
i ;M
2
H) + 12
M2W∆
2
i
M4H
+X(k,∆i,MH , T
W )
]
(30)
and finally we get for the width
Γ =
GFM
3
H
8π
√
2
√
λ(M2W ,∆
2
i ;M
2
H)
1
π
∫
d∆2i
ΓiMW
|D(∆2i )|2[
λ(M2W ,∆
2
i ;M
2
H) + 12
M2W∆
2
i
M4H
+X(k,∆i,MH , T
W )
]
(31)
or
Γ =
1
π
∫
d∆2i
ΓiMW
|D(∆2i )|2
ΓW0 (k,∆i,MH) (32)
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where
ΓW0 (k,∆i,MH) =
GFM
3
H
8π
√
2
√
λ(M2W ,∆
2
i ;M
2
H)
[
λ(M2W ,∆
2
i ;M
2
H)
+12
M2W∆
2
i
M4H
+X(k,∆i,MH , T
W )
]
(33)
If we sum over all the final states of the W we can substitute Γi with ΓW . Eq. (32) is in
agreement with Eq. (6) of ref. [5] in the zero width limit. Similar considerations apply to
the case of the decay H → Z0 + fif i. We can summarize the final result in the formula,
Γ =
1
π
∫
d∆2i
ΓVMV
|D(∆2i )|2
ΓV0 (k,∆i,MH) (34)
where
ΓV0 (k,∆i,MH) = δV
GFM
3
H
16π
√
2
√
λ(M2V ,∆
2
i ;M
2
H)
[
λ(M2V ,∆
2
i ;M
2
H)
+12
M2V∆
2
i
M4H
+X(k,∆i,MH , T
V )
]
(35)
δV was defined before, X is given in Eq. (7) and k
2 = M2V .
2.4 The Off–Shell Decay H → V ∗V ∗
We now consider the off–shell decay H → V ∗V ∗. To be precise we derive the expression for
H → W+∗W−∗ → (fif ′i) + (fjf ′j) and then present a final result valid for all cases. We
consider the kinematics given in Fig. 3.
H
P
∆i q1i
q2i
fi
fi’
__
fj
fj’
__∆j
q1j
q2j
Fig. 3
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where (fi, f ′i) represents one of the decay channels of the W
− and (fj , f ′j) represents one of
the decay channels of the W+. After we have done the case H → V V ∗ it is very easy to do
this case.
The expression for the width is [11],
dΓ =
(2π)4
2MH
∑
pol
|M|2dΦ4 (36)
where dΦ4 is the phase space for 4 particles that we write as [11]
dΦ4(P ; k, q1, q2) = dΦ2(P ; ∆i,∆j) dΦ2(∆i; qi1, qi2)(2π)
3d∆2i dΦ2(∆j ; qj1, qj2)(2π)
3d∆2j (37)
with
∆i = qi1 + qi2 ; ∆
2
i = (qi1 + qi2)
2 ; ∆j = qj1 + qj2 ; ∆
2
j = (qj1 + qj2)
2 (38)
But the 2–body phase spaces can be written as
dΦ2(∆i; qi1, qi2) =
(2π)−6
8
dΩ∗i1
dΦ2(∆j; qj1, qj2) =
(2π)−6
8
dΩ∗j1
dΦ2(P ; ∆i,∆j) =
(2π)−6
8
√
λ(∆2i ,∆
2
j ;M
2
H) dΩ~∆i (39)
where, as before, we consider that the decays products of the W± are massless. Putting
everything together we have
dΓ =
(2π)−8
210MH
√
λ(∆2i ,∆
2
j ;M
2
H)
∑
pol
|M|2d∆2i d∆2j dΩ~∆i dΩ∗i1dΩ∗j1 (40)
The matrix element is
M = (gMW ) 1
D(∆2i )
1
D(∆2j)
g
2
√
2
u(qi1)γ
µ(1− γ5)v(qi2)
g
2
√
2
u(qj1)γ
µ(1− γ5)v(qj2) (41)
and the same procedure that we used for the H → V V ∗ case gives
∫
dΩ∗1i dΩ
∗
1j
∑
pol
|M|2 = (gMW )2 1|D(∆2i )|2
1
|D(∆2j)|2
M4H
4
(48π)2ΓiΓj
M2W
(
4π
3
)2
8
[
λ(∆2i ,∆
2
j ;M
2
H) + 12
∆2i∆
2
j
M4H
+X(∆i,∆j ,MH , T
W )
]
(42)
and after doing the dΩ~∆i integration we obtain
Γ =
GFM
3
H
8π
√
2
√
λ(∆2i ,∆
2
j ;M
2
H)
1
π
∫
d∆2i
ΓiMW
|D(∆2i )|2
1
π
∫
d∆2j
ΓjMW
|D(∆2j)|2[
λ(∆2i ,∆
2
j ;M
2
H) + 12
∆2i∆
2
i
M4H
+X(∆i,∆j ,MH , T
W )
]
(43)
Summing over all final states we get
Γ =
1
π
∫
d∆2i
ΓVMV
|D(∆2i )|2
1
π
∫
d∆2j
ΓVMV
|D(∆2j)|2
ΓV0 (∆i,∆j ,MH) (44)
where1
ΓV0 (∆i,∆j,MH) = δV
GFM
3
H
16π
√
2
√
λ(∆2i ,∆
2
j ;M
2
H)
[
λ(∆2i ,∆
2
j ;M
2
H)
+12
∆2i∆
2
j
M4H
+X(∆i,∆j,MH , T
V )
]
(46)
1One might worry about the factor δV . For the W
+∗W−∗ final case there is no problem because the final
states of the W+∗ are different from the final states of the W−∗. Therefore
∑
Final States
Γ
[
H → (W+∗ → i+) + (W−∗ → i−)
] ∝ ∑
i+
∑
i
−
Γ(W+∗ → i+)Γ(W−∗ → i−)
=
∑
i+
Γ(W+∗ → i+)
∑
i
−
Γ(W−∗ → i−)
= ΓWΓW (45)
and δW = 2 because of the constants we factored out. For the H → (Z∗ → i) + (Z∗ → j) case one should
be more careful. If i 6= j than we should divide by 2 otherwise we would be double counting in the product
(Γ1 +Γ2 + · · ·)(Γ1 +Γ2 + · · ·). For i = j there is no double counting in the above product, but now we have
two pairs of identical particles in the final state but we also have 2 diagrams. Then we should square the sum
of the amplitudes and divide by 4. In general this would not give a factor of 1/2 because of the interference
term. However the interference will be negligible because the momenta squared in the denominators cannot
be equal to MZ in all 4 lines (of the product of the 2 diagrams) at the same time. Therefore if we neglect
the interference we should divide also by 2 in this case. Therefore δZ = 1.
9
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W
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V)
Figure 4: Comparison of the off–shell and on–shell formulas for H → W+W−. The dashed line
corresponds to the on–shell formula Eq. (12), the dotted line to the case that only one W is off-
shell Eq. (31), and the solid line corresponds to the case where both W’s are off–shell Eq. (43). For
comparison is also shown Eq. (6) of ref. [5].
This result is in agreement with [9, 10], except for the value of δZ . One should mention that
formulas for off–shell decays of the type of Eqs. (34) and (44) for other decays are known in
the literature [15].
2.5 A comparison of the various formulas
Perhaps it is useful to indicate the domain of validity of the various formulas for the widths.
This will depend on the value of the Higgs boson mass. In Figure 4 we plot the various
formulas for the case of H → W+W−. From this figure it is clear that the proper way
to calculate the width below the two W ’s threshold is to use Eq. (43) with the two W ’s
off–shell. The two integrations in Eq. (43) automatically take care of the fact that either
one of the W ’s can be close to be on–shell. In Eq. (6) of ref. [5] this is done by adding the
two possibilities, but as the width is neglected the formula is only good below the threshold.
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3 The Decay H → γZ
Due to the electromagnetic gauge invariance the most general expression for the coupling
HγZ is
− i e
2g
16π2MW
(gµν k · q − kνqµ)A(q2,MH) (47)H P
k
q
Zν
Aµ
Fig. 5
where A(q2,MH) is a dimensionless form factor that depends only in the mass of the H and
on the square of the momentum of the Z (if the Z is on–shell then q2 = M2Z). In the SM
the lowest contribution to A is at the 1–loop level. If we are considering physics Beyond the
Standard Model (BSM) then we should have
A = ASM + ABSM (48)
where the SM contribution is given [6, 12, 13] by
ASM = AW + AF (49)
with2
AW = −4 cot θW
[
(3− tan θ2W ) J1(q2,M2H ,M2W )
+
(
−5 + tan2W θW −
1
2
M2H
M2W
(1− tan θ2W )
)
J2(q
2,M2H ,M
2
W )
]
(50)
and
AF = −
∑
f
4gfVQf
sin θW cos θW
[
− J1(q2,M2H ,M2f ) + 4J2(q2,M2H ,M2f )
]
. (51)
where Qf is the charge, in units of |e|, of the fermion f in the loop, and gfV = 1/2T f3 −
Qf sin
2 θW . The explicit form of the functions J1 and J2 can be found in Appendix B. In the
following we will use this general coupling to evaluate both the on–shell and the off–shell
decays of the Higgs boson.
2Our convention here for the coupling, Eq. (47) is as in ref. [6]. It differs from our previous convention,
ref. [13], by a factor of −1/ sin θW . Our conventions are explained in Appendix A.
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3.1 The On–Shell Decay H → γZ
The differential width is, like before (see Eq. (2))
dΓ =
1
32π2
∑
pol
|M|2 |
~k|
M2H
dΩ~k (52)
where
M = ǫµ(k)ǫν(q) e
2g
16π2MW
(gµν k · q − kνqµ)A(q2,MH) (53)
We get therefore ∑
pol
|M|2 =
(
e2g
16π2MW
)2
2(k · q)2 |A|2 (54)
Now using
|~k| = k · q
MH
=
1
2
MH
√
λ(M2Z , 0;M
2
H) (55)
where
λ(M2Z , 0;M
2
H) =
(
1− M
2
Z
M2H
)2
(56)
we get finally
Γ =
GFM
3
H
4π
√
2
α2
16π2
λ(M2Z , 0;M
2
H)
3/2 |A|2 (57)
This result is in agreement for the SM with refs. [6, 12] but it differs by a factor of two from
ref. [8] that claims to have the same definition of A as we and ref. [6] do.
3.2 The Off–Shell Decay H → γZ∗
We consider for definiteness the the decay H → γfif i as represented in Fig. 6
H
P
k
∆ q1
q2
fi
fi’
__
Aµ
Z
Fig. 6
The differential width can be written as in Eq. (18)
12
dΓ =
(2π)−5
128MH
√
λ(0,∆2;M2H)
∑
pol
|M|2 dΩ~k d∆2dΩ∗1 (58)
where the matrix element M is (we again neglect the fermion masses)
M = ǫµ(k) e
2g
16π2MW
(gµν k ·∆− kν∆µ)A(∆2,MH) 1
D(∆2)
g
cos θW
u(q1)γ
ν(gfV − gfAγ5)v(q2)
(59)
and
∆ = q1 + q2 (60)
Our conventions for the couplings of the Z to the fermion f are given in Appendix A. The
sum over polarizations and spins of the matrix element squared gives now
∑
pol
|M|2 =
(
e2g
16π2MW )
)2
1
|D(∆2)|2
(
g
cos θ
)2
8|A|2
(
gfV
2 + gfA
2
)
[
k ·∆ k · q1 ∆ · q2 + k ·∆ k · q2 ∆ · q1 − k · q1 k · q2 ∆ ·∆
]
(61)
Using now Eq. (25) to perform the integration over the solid angle in the center of mass
frame of the decaying Z we get
∫
dΩ∗1
∑
pol
|M|2 =
(
e2g
16π2MW
)2
1
|D(∆2)|2
(
g
cos θ
)2
|A|2
(
gfV
2 + gfA
2
) 32π
3
(k ·∆)2∆2 (62)
We can now perform the integration over the solid angle of the photon and obtain
dΓ
d∆2
=
1
32π2MH
λ(∆2, 0;M2H)
3/2M3H
(
eg2
16π2MW
)2
Γi
MZ
∆2
1
|D(∆2)|2 (63)
where we have used the expression for the partial width Γi of Z → fif i
Γi =
1
12π
(
g
cos θW
)2 (
gfV
2 + gfA
2
)
(64)
Summing over all the final states we obtain finally
Γ =
1
π
∫
d∆2
ΓZ
MZ
∆2
|D(∆2)|2 Γ
γZ(MH ,∆
2) (65)
where
ΓγZ(MH ,∆
2) =
GFM
3
H
4π
√
2
α2
16π2
λ(∆2, 0;M2H)
3/2 |A(∆2,M2H)|2 (66)
is the decay into an off-shell Z and gives back Eq. (57) when ∆2 =M2Z .
13
4 The decay H → γγ
For completeness we also give the general formula for this decay. Due to the electromagnetic
gauge invariance the most general expression for the coupling3 Hγ∗γ is
i
e2g
16π2MW
(gµν k · q − kνqµ) I(q2,MH) (67)H
P
k
q
Aµ
Aν
Fig. 7
where, as before,
I = ISM + IBSM (68)
The Standard Model contribution is given by [8, 6, 12]
ISM = IW + IF (69)
where
IW = −4
[
− 4J1(q2,M2H ,M2W ) +
(
6 +
M2H
M2W
)
J2(q
2,M2H ,M
2
W )
]
(70)
and
IF =
∑
f
4Q2f
[
− J1(q2,M2H ,M2f ) + 4J2(q2,M2H ,M2f )
]
. (71)
Using the above coupling and comparing with the case H → γZ, Eqs. (52), (53) e (54), it is
straightforward to obtain
Γ(H → γγ) = α
3M3H
256π2 sin2 θWM2W
|I|2 (72)
in agreement with refs. [6, 8].
5 The 3–point functions Z∗ → Hγ and γ∗ → Hγ
For some applications it is also important to know the related off–shell 3-point functions
Z∗ → Hγ and γ∗ → Hγ. For completeness we collect them here.
3We are assuming that only one photon is off-shell because this is case of interest.
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5.1 The Z∗ → Hγ 3–point function
We use the results of refs. [12, 13]. The amplitude can be written as4
iM = i ǫνZ(q) ǫµA(k)
(
e2g
16π2MW
)
(gµν k · q − kνqµ) A(q2,MH) (73)
where
A = ASM + ABSM (74)
The standard model dimensionless amplitude ASM is given by Eq. (49). The sign difference
between Eq. (49) and Eq. (73) is due to the fact that in the first one q is an outgoing
momentum and in the last one is incoming.
5.2 The γ∗ → Hγ 3–point function
Again using ref. [12] we have
iM = −i ǫνA(q) ǫµA(k)
(
e2g
16π2MW
)
(gµν k · q − kνqµ) I(q2,MH) (75)
where
I = ISM + IBSM (76)
The standard model dimensionless amplitude ISM is given by Eq. (69).
5.3 An Effective Lagrangian for the SM Couplings
We can write an effective Lagrangian that reproduces the couplings given in Eqs. (47), (67),
(73), (75). This is specially useful if we want to add new physics, in addition to the SM, as
we will show in the next section. We get
Leff = −1
4
AµνA
µνH ISM + 1
2
AµνZ
µνH ASM (77)
where we have defined
Aµν = ∂µAν − ∂νAµ ; Zµν = ∂µZν − ∂νZµ (78)
and
ISM = e
2g
16π2MW
ISM(q
2,MH)
4Notice that our conventions here differ by a factor −1/ sin θW with respect to ref. [13].
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ASM = e
2g
16π2MW
ASM(q
2,MH) (79)
The effective Lagrangian, Eq. (77), is valid for the case of one on–shell photon, the other
photon (or Z0) can be either on–shell or off-shell. ASM and ISM are given in Eqs. (49) and
(69).
6 An example of extension of the SM
A possible enhancement of the production and decay rates of the Higgs boson can be origi-
nated by an anomalous couplings of the Higgs boson to the vector bosons. These interactions
can be described in terms of an effective dimension-six term in the interaction Lagrangian
density
Leff =
7∑
i=1
fi
Λ2
Oi (80)
where the Oi are the operators which represent the anomalous couplings, Λ is the typical
energy scale of the interaction and fi are the constants which define the strength of each
term [7, 8].
The anomalous couplings Hγγ, HZZ, HZγ and HWW follow from the effective Lagrangian
(80) and can be written in the unitary gauge [7, 8] as,
LHV Veff = g
mW
Λ2
[
−s
2(fBB + fWW − fBW )
2
HAµνA
µν +
2m2W
g2
fφ,1
c2
HZµZ
µ
+
c2fW + s
2fB
2c2
ZµνZ
µ(∂νH)− s
4fBB + c
4fWW + s
2c2fBW
2c2
HZµνZ
µν
+
s(fW − fB)
2c
AµνZ
µ(∂νH) +
s(2s2fBB − 2c2fWW + (c2 − s2)fBW )
2c
HAµνZ
µν
+
fW
2
(W+µνW
−µ +W−µνW
+µ)(∂νH)− fWWHW+µνW−µν
]
(81)
where Xµν = ∂µXν − ∂νXµ with X = A,Z,W , and s(c) = sin θW (cos θW ), respectively.
Both fφ,1 and fBW are already severely constrained by precise measurements at low energy
experiments, once they contribute to the Z0 mass and to the B −W 3 mixing, respectively.
In what follows these parameters will be assumed to be zero. Under this assumption, both
HWW and HZZ have the same tensorial structure. With the convention H(pH)→ V µ(p1)+
V ν(p2) for the momenta, we have:
T µνV ≡ −AV
[
pν1p
µ
H − (p1.pH)gνµ + pνHpµ2 − (p2.pH)gνµ
]
+BV
[
pν1p
µ
2 − (p1.p2)gνµ
]
(82)
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(V = Z, W), where :
AW ≡ −1
2
fW
Λ2
BW ≡ −2fWW
Λ2
AZ ≡ −1
2
(
fB
Λ2
sin2 θW +
fW
Λ2
cos2 θW )
BZ ≡ −2(fBB
Λ2
sin4 θW +
fWW
Λ2
cos4 θW ) (83)
The value of XV (p1, p2,MH , T
V ) as defined in Eq. (7) is, thus, given by:
XV = 4
{
AV
[
4
p21p
2
2
M2H
− p1.p2
M4H
( (p21 − p22)2 − (p21 + p22)M2H )
]
+BV
[
−6 (p1.p2) p
2
1p
2
2
M4H
]
+A2V
[
p21p
2
2 +
(p21 + p
2
2)(4p
2
1p
2
2 − (M2H − (p21 + p22) )2)
4M2H
+
(M4H − (p21 − p22)2)(4p21p22 +M2H(p21 + p22)− (p21 + p22)2)
4M4H
]
+AVBV
[
−2p
2
1p
2
2(M
2
H − (p21 + p22))
M2H
+
p21p
2
2((p
2
1 − p22)2 −M2H(p21 + p22))
M4H
]
+B2V
[
p21p
2
2
2M4H
((M2H − (p21 + p22) )2 + 2p21p22)
] }
(84)
This expression can then be used in Eqs. (12), (31) and (44) to evaluate the decay widths.
We have verified that if we use Eq. (84) with the definitions of Eq. (83) into Eq. (12) for the
decay into two real vector bosons we recover the results of ref. [8]. However our expressions
extend those results for the off-shell case.
The decays H→γZ andH→ γγ appear at tree-level, the corresponding form factors, Eq. (47)
and Eq. (67), are:
ABSM ≡ 2πM
2
W tan θW
α
[
fW
Λ2
− fB
Λ2
+ 4
(
fBB
Λ2
sin θ2W −
fWW
Λ2
cos θ2W
) ]
(85)
IBSM ≡ 8πM
2
W sin θ
2
W
α
(
fBB
Λ2
+
fWW
Λ2
)
(86)
With these variables it is possible to compute the various Higgs decay widths, including the
interference of the new terms with the Standard Model, and allowing for decays to virtual
gauge bosons.
In this model the Branching Ratios to γγ and γZ increase and these decays may become
dominant for some region of parameters. For H→WW and H→ZZ the new contributions
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Figure 8: Higgs Width and Branching Ratios as a function of its mass
may interfere constructively or destructively with the Standard Model terms. In Fig. (8)
the width and branching ratios of the Higgs as a function of its mass are displayed for the
Standard Model and with the new contributions where all the non-zero fi are assumed equal
and fi/Λ
2 = 100 TeV−2.
The variation of the total width and branching ratios with f/Λ2 is shown in Fig. (9), for a
Higgs boson mass of 150 GeV. In Fig. (10) all fi except the ones contributing directly to the
H decay to γγ are set to 0. The variation with fBB/Λ
2 and fWW/Λ
2 is displayed for two
different masses: 85 GeV and 150 GeV.
7 Discussion
In this paper we derive the complete set of formulas for the decay widths of the Higgs boson
in vector bosons. The formulas are valid both for the Standard Model (SM) and for any
arbitrary extension. For the case of the decay into theW± and Z0 the formulas are also valid
for off–shell decays. This is important for Higgs boson masses close to the threshold of the
production of one or two real vector bosons. As many of these results have appeared before
in the literature [5, 6, 7, 8, 9, 10], sometimes for particular cases, we will now comment on
the comparison of our results with those.
For the on–shell decay H → V V our final expression Eq. (12), is in agreement with
ref. [10]. There is a factor 2 difference with respect to ref. [9]. For the off-shell decay
H → V V ∗ our final expression, Eq. (34) in agreement with ref. [10]. We are also in agreement
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Figure 9: Higgs width as a function of f/Λ2
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GeV and b) MH = 150 GeV
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with Eq. (6) of ref. [5] in the zero width limit. Eqs. (9-10) of ref. [5] are also consistent with
our results and in agreement with ref. [9]. For the off–shell decay H → V ∗V ∗ our result,
Eq. (44), is in agreement with ref. [10] except for the factor δV . For the on–shell decay
H → γγ we are in agreement with refs. [6, 8], while for the on–shell decay H → γZ we agree
with ref. [6] but have a factor of two difference with respect to ref. [8]. The formulas for the
off-shell decays H → γγ∗ and H → γZ∗ are either new, or in agreement with refs. [12, 13].
As our main contribution is to extend the formulas for an arbitrary extension of the
SM, including off-shell decays we studied, as an example, the case of the gauge–invariant
effective Lagrangian models of ref. [7, 8]. Our expressions reproduce the results of ref. [8]
for the on–shell decays and extend them for the region of the Higgs boson mass close to
the two W ’s threshold where the off–shell decays have to be considered. This region is
important for the studies done at the Tevatron and at LEPII where these models have been
considered [16, 17].
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Appendix A: Standard Model Feynman Rules
Because of the interference terms between the Standard Model (SM) and possible extensions,
it is important that we state our conventions for the SM. We follow the conventions of ref. [6].
These differ in some signs from the conventions used in refs. [12, 13]. For the convenience of
the reader we collect the most important Feynman rules here.
i gMW gµν i gMZ gµν (87)
H
Wµ
+
Wν
−
H
Zµ
Zν
− i g mf
2MW
− i eQfγµ (88)H
f
f
f
f
Aµ
− i g
cos θW
γµ
(
gfV − gfAγ5
)
(89)
f
f
Zµ
i gV
[
gµν(p2 − p3)ρ + gνρ(p3 − p1)µ + gρµ(p1 − p2)ν
]
(90)
Wµ
+
Wν
−
Vρ
p1
p2
p3
for V = A,Z with gA = e, gZ = g cos θW and
gfV =
1
2
T f3 −Qf sin2 θW ; gfA =
1
2
T f3 (91)
where Qf is the charge of fermion f in units of |e|.
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Appendix B: The J1 and J2 functions
The explicit expressions for the functions J1 and J2 introduced in Section 3, are [12, 13]
J1(q
2,M2H ,M
2
X) = −M2W C0(q2, 0,M2H ,M2X ,M2X ,M2X)
J2(q
2,M2H ,M
2
X) =
1
2
M2X
q2 −M2H
[
1 + 2M2X C0(q
2, 0,M2H,M
2
X ,M
2
X ,M
2
X)
+
q2
q2 −M2H
(
B0(q
2,M2X ,M
2
X)− B0(M2H ,M2X ,M2X)
)]
(92)
where B0 and C0 are the Passarino-Veltman functions[14] andMX is the mass of the particle
in the loop. These functions are related to the functions I1 and I2 of ref. [6] by the following
relations
J1(q
2,M2H ,M
2
X) = I2(τX , λX)
J2(q
2,M2H ,M
2
X) =
1
4
I1(τX , λX) (93)
with
τX =
4M2X
M2H
; λX =
4M2X
q2
(94)
With these relations it is easy to verify that Eq. (49) is in agreement with Eq. (2.22) of
ref. [6]. To verify the equivalence of Eq. (69) with Eqs. (2.16) and (2.17) of ref. [6] for the
on–shell decay H → γγ one has to note that
J1(0,M
2
H ,MX) = I2(τX ,∞) =
τX
2
f(τX)
J2(0,M
2
H ,MX) =
1
4
I1(τX ,∞) = −τX
8
+
τ 2X
8
f(τX) (95)
where f(τ) is defined in Eq. (2.19) of ref. [6]. Then we get for the W contribution
IW = −4
[
− 4J1(0,M2H ,M2W ) +
(
6 +
M2H
M2W
)
J2(0,M
2
H ,M
2
W )
]
= 16 J1(0,M
2
H ,M
2
W )−
(
24 +
16
τW
)
J2(0,M
2
H ,M
2
W )
= 2 + 3τW + 3τW (2− τW ) f(τW ) (96)
and for a fermion of charge Qf
IF = 4Q
2
f
[
− J1(0,M2H ,M2W ) + 4J2(0,M2H ,M2W )
]
= Q2f
[
−2 τff(τf)− 2 τf + 2τ 2f f(τf)
]
= Q2f
[
−2 τf
(
1 + (1− τf ) f(τf)
)]
(97)
in agreement with Eq. (2.17) of ref. [6].
22
References
[1] OPAL Collaboration, L3 Collaboration, DELPHI Collaboration, ALEPH Collaboration,
LEP Electroweak Working Group, and SLD Heavy Flavour Group, preprint CERN-
PPE/97-154.
[2] S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264; A. Salam, in ”Elementary Particle The-
ory”, ed. N. Svartholm, p. 367, Stockolm (1968); S.L. Glashow, J. Iliopoulos, and L.
Maiani, Phys. Rev. D2 (1970) 1285.
[3] CDF Collaboration, F. Abe et al., Phys. Rev. Lett. 75 (1995) 1028; D0 Collaboration,
S. Abachi et al., Phys. Rev. Lett. 77 (1997) 3303; Phys. Rev. Lett. 78 (1997) 3634.
[4] ALEPH Collaboration, R. Barate et al., Phys. Lett. B422 (1998) 369 1/4; DELPHI
Collaboration, P. Abreu it al., Phys. Lett. B397 (1997) 158; preprint CERN-PPE/97-
163, submited to Phys. Lett. B;
L3 Collaboration, M. Acciari et al. Phys. Lett. B403 (1997) 168; Phys. Lett. B413
(1997) 176;
OPAL Collaboration, K. Ackerstaff et al. Phys Lett. B397 (1997) 147; preprint CERN-
PPE/97-125, submited to Z. Phys. C.
[5] W.-Y. Keung and W. Marciano, Phys. Rev. D30, 248 (1984).
[6] The Higgs Hunter’s Guide, J.F. Gunion, H.E. Haber, G. Kane and S. Dawson, Addison-
Wesley 1990.
[7] K.Hagiwara, S.Ishihara, R.Szalapski and D.Zeppenfeld, Phys. Rev. D48 (1993) 2182.
[8] K. Hagiwara, R. Szalapski and D. Zeppenfeld, Phys. Lett. B318 (1993) 155.
[9] V. Barger, K. Cheung, A.Djouadi, B.A. Kniehl, R.J.N. Phillips and P.M. Zerwas, in
e+e− Collisions at 500 GeV: The Physics Potential, pag. 5, DESY preprint 93-123C.
[10] A. Djouadi, Decays of the Higgs Bosons, talk given at the International Workshop
on Quantum Effects in the MSSM, Barcelona, Spain, September 9-13, 1997, preprint
PM-97/51.
[11] Review of Particle Physics, R.M. Barnet et. al. Phys. Rev. D54, 1 (1996).
[12] A. Barroso, J. Pulido and J. C. Roma˜o, Nucl. Phys. B351 (1986) 509.
[13] J. C. Roma˜o, S. D. Rindani and J. W. F. Valle, Nucl. Phys. B493 (1997) 56.
23
[14] G. ’t Hooft and M. Veltman, Nucl. Phys. B153 (1979) 365; G. Passarino and M.
Veltman, Nucl. Phys. B160 (1979) 151;
[15] See, for instance R.L. Kelly, T. Shimada, Phys. Rev. D23 (1981) 1940.
[16] F. de Campos, S. M. Lietti, S. F. Novaes and R. Rosenfeld, Phys. Lett. B389 (1996)
93, Erratum-ibid. B425 (1998) 413; F. de Campos, M.C. Gonzalez–Garcia and S. F.
Novaes, Phys. Rev. Lett. 79 (1997) 5213; F. de Campos, S. M. Lietti, S.F. Novaes and
R. Rosenfeld, in Proceedings of the ECFA/DESY Study on Physics and Detectors for
Linear Collider, report DESY 97-123E; O. J. P. E´boli, M. C. Gonzalez–Garcia, S. M.
Lietti and S. F. Novaes, hep-ph/9802408.
[17] DELPHI Collaboration, submitted to the High Energy Physics Conference, Vancouver
1998.
24
